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and used for energy production. Conventional primary recovery of methane
7
(called CBM production), which is performed by pumping out water and 8 depressurizing the reservoir, allows producing 20% to 60% of the methane 9 originally present in the reservoir [4] . As is the case with enhanced oil re-10 covery (EOR), such primary production could be in principle enhanced by 11 injecting CO 2 in the coal seam: this process is called CO 2 -Enhanced Coal by micropore filling rather than by surface covering. The reverse coupling 48 between adsorption and strain (i.e., the fact that strain or stress can modify 49 the adsorption process) was also observed. For instance, tega [24, 12] showed the influence of the elastic deformation of porous solids 51 on the adsorption process: a stress external to the porous layer can modify 52 the adsorbed amount. Finally, this coupling between strain and adsorption 53 was also studied for fluid mixtures, for instance in the case of adsorption of 54 binary mixtures in metal-organic frameworks [25] .
55
Based on field and laboratory experimental results, a large variety of per-56 meability relations has been proposed for coal seams (for reviews, see [ representative volume element of coal seam, the energy balance is:
where n is the molar fluid content in the coal matrix (i.e., not in the cleats) energy balance can be rewritten as:
from which the state equations in presence of adsorption effects can be in-
154
ferred in a differential form:
where the functions α 1 to α 3 need to be determined. The amount n of fluid 156 in the coal matrix depends on the chemical potential µ of the fluid in the
where φ 0 is the porosity of the cleats in the state of reference.
162
In addition, since small strains are considered, we can approximate the 163 adsorbed amount by a first-order expansion with respect to the volume strain 164 m of the coal matrix:
where n 0 + a m is the adsorption isotherm per unit volume of undeformed 166 coal matrix, and where n 0 is the adsorption isotherm on a rigid coal matrix.
167
Brochard et al. [45] showed by molecular simulations that such expansion is to the strain of the coal matrix, we find out that:
so that α 1 = −a(µ). Likewise, we find out that:
so that α 2 = −α 1 = a(µ).
173
We note adµ as ds a , where s a is the volumetric part of an adsorption stress
174
(from now on referred to as an 'adsorption stress') [20, 46] , and depends only 175 on the chemical potential of the fluid:
form the state equations in presence of adsorption effects are:
where the small increment ds a of adsorption stress is given by:
In addition the amount n of fluid in the coal matrix is governed by the 179 adsorption isotherm (13).
180
It should be noted that this approach does not refer to any particular 181 size of pores. Unlike cleats, the coal matrix here considered could contain 182 micropores smaller than 2 nm, the volume of which is ill-defined. Our ap-183 proach is then suited for a porous solid with a generic pore size distribution.
184
The model relies only on the assumed knowledge of the adsorption isotherm,
185
without referring explicitly to a pore volume or to a pore size distribution.
186
The apparent density of the adsorbed fluid is likely to differ from the density We now consider that the coal seam is saturated with a mixture of two 197 miscible fluids: the coal matrix will therefore adsorb a mixture of both fluids.
198
The energy balance for the coal matrix in a representative volume element 199 of coal seam is now:
where n CH 4 and n CO 2 are the amount of methane and carbon dioxide in the energy balance can be rewritten as:
from which the state equations for a coal seam saturated with a mixture of 206 two fluids can be inferred in a differential form:
where the functions α 4 to α 10 need to be determined.
208
Since strains are small, we can approximate the adsorbed amounts by a 209 first-order expansion with respect to the volume strain m of the coal matrix:
where the functions n
and a 
so that α 4 = −a CH 4 (µ CH 4 , µ CO 2 ). Likewise, we find out that:
so that
We also find out that:
The function a CH 4 dµ CH 4 + a CO 2 dµ CO 2 can be rewritten as a small increment ds a of adsorption stress:
which was inferred from the Maxwell symmetry relationship derived from 223 Eq. (22):
In such a case, finally, in a differential form the state equations of a coal 225 seam in presence of a binary mixture of fluids are:
In addition the amounts n CH 4 and n CO 2 of fluid in the coal matrix are given 228 by Eqs. (27)- (28), respectively. 
with T the temperature and R the ideal gas constant, so that, eventually, The properties of the coal here considered are given in to differ from the mole fraction x CO 2 of carbon dioxide in the cleats [45] .
275
We first perform some simplification, while aiming at keeping the thermo- 
From the lack of knowledge, we assume that the coefficients a CH 4 and 279 a CO 2 are of the form:
With such an assumption, the compatibility equation (34) conserved.
283
The fugacities of pure methane and pure carbon dioxide are noted f 
Those equations state that the binary mixture follows a Raoult's law, i.e., are given by µ CH 4 = µ
The bulk mixture is therefore assumed as ideal here. This assumption is 296 supported by observations in a first approximation as shown in Fig. 2 
CH 4 dp and a CO 2 f Fig. 3b . In this figure, the coupling 315 coefficient obtained for CO 2 shows a peak resulting from the competition 316 between two contrasting behaviors. We can show that a = ρ(ds a /dp), where 317 the gas density ρ is an increasing function of pressure, and where ds a /dp is 318 a decreasing function of pressure [44] . It turns out that the derivative of a 319 with respect to fugacity is dominated by that of ρ for small pressures and by 320 that of ds a /dp for high pressures (actually supercritical pressures).
321
The functions a CH 4 and a CO 2 being now known, the adsorption stress s a 322 can be calculated with the help of Eq. (38):
or, in an integrated form:
Here, the adsorption stress s a (p, x CO 2 ) was calculated based on the exper-325 imental data obtained for pure methane and pure carbon dioxide on Ribolla 326 coal at a temperature T = 318.15 K (see Fig. 3a ) and on the fugacities the state equations enable to calculate variations of porosity:
The calculated variations of porosity are displayed in of the adsorption stress as described previously.
363
After some modification, the state equations (35)-(37) also make it pos-364 sible to calculate variations of permeability. Indeed, classically for coal, the 365 following stress-based permeability relation is considered [52]:
where γ is the so-called pressure sensitivity parameter, first introduced by 
where b = 1 − K/K m is the Biot coefficient of the coal seam. variations of permeability, as displayed in Fig. 6 . One observes that the variations of permeability, when displayed on a logarithmic scale, are very 375 similar to the variations of porosity (see Fig. 5 ).
376
The calculations in this section were performed for a representative vol-377 ume element in isochoric conditions, which, with free swelling conditions,
378
represent two extreme cases. In free swelling conditions, the model predicts conditions, while the other is allowed to swell freely.
390
Here, in addition to the functions a CH 4 and a CO 2 already calibrated, ad- as an alternative, we aim at using numerical adsorption isotherms obtained Therefore, we will approximate the mixed adsorption isotherms n
and n
where n = n CH 4 + ρ CH 4 φ and n CO 2 , free, x CO 2 = 0.67 CO 2 , isochoric, x CO 2 = 0.67 CO 2 , free, x CO 2 = 0.33 CO 2 , isochoric, x CO 2 = 0.33 CH 4 , free, x CO 2 = 0.33 CH 4 , isochoric, x CO 2 = 0.33 CH 4 , free, x CO 2 = 0.67 CH 4 , isochoric, x CO 2 = 0.67 for coal exposed to a pure fluid was extended to coal exposed to a binary mix- and on the dependency of the introduced functions a CH 4 and a CO 2 (see Eqs.
458
(43)- (44)) on the fugacities of the fluids in the mixture.
459
We showed that calculating permeability and porosity evolutions only 
